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Strigolactonea b s t r a c t
Strigolactones are phytohormones synthesized from carotenoids via a stereospeciﬁc pathway
involving the carotenoid cleavage dioxygenases 7 (CCD7) and 8. CCD7 cleaves 9-cis-b-carotene to form
a supposedly 9-cis-conﬁgured b-apo-100-carotenal. CCD8 converts this intermediate through a
combination of yet undetermined reactions into the strigolactone-like compound carlactone. Here,
we investigated the substrate and stereo-speciﬁcity of the Arabidopsis and pea CCD7 and determined
the stereo-conﬁguration of the b-apo-100-carotenal intermediate by using Nuclear Magnetic
Resonance Spectroscopy. Our data unequivocally demonstrate the 9-cis-conﬁguration of the
intermediate. Both CCD7s cleave different 9-cis-carotenoids, yielding hydroxylated 9-cis-apo-100-
carotenals that may lead to hydroxylated carlactones, but show highest afﬁnity for 9-cis-b-carotene.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Strigolactones (SLs) are a novel class of plant hormones that
determine various aspects of plant development [1–6], including
shoot branching [7,8], root architecture [9–11], senescence [12]
and cambium secondary growth [13]. Released by plants into the
rhizosphere, SLs also induce hyphal branching of symbiotic fungi
[14], a prerequisite for establishing mycorrhizal symbiosis that
provides the plant hosts with water and minerals. SLs also trigger
seed germination of obligate root parasitic plants, such as Striga
and Orobanche species [1–3].
SLs belong to the apocarotenoids [15–18], a group of carotenoid-
derived, physiologically important compounds that includes reti-
noids, the phytohormone abscisic acid and the fungal pheromone
trisporic acid [19]. The precursors of SLs, the carotenoids, are
isoprenoid pigments with an extended conjugated double bond
system synthesized by all photosynthetic organisms andmany het-
erotrophic bacteria and fungi [20–23]. Plants accumulate severalcarotenoids that derive from the colorless carotene phytoene.
Desaturation and isomerization reactions lead to lycopene, the
red linear precursor of the bicyclic b-and e-carotene. Hydroxylation
of the b- and e-ring of b-carotene and of the e-ionone rings of
e-carotene give rise to zeaxanthin and lutein, respectively.
Zeaxanthin can be epoxydated to yield violaxanthin the precursor
of neoxanthin that carries an epoxydated b-ionone ring on the
one end and an allen system on the other. Plant carotenoids also
differ in their stereo-conﬁguration and occur all-trans conﬁgured
as well as in different cis-isomeric forms like 9-cis-violaxanthin
and 9-cis-b-carotene, the precursors of abscisic acid and SLs, respec-
tively [15,16,24]. Like with other apocarotenoids, the synthesis of
these hormones is initiated by oxidative cleavage of double bonds
in carotenoid backbones, a reaction that is generally catalyzed by
carotenoid cleavage oxygenases.
Plant carotenoid cleavage oxygenases are classiﬁed into nine-
cis-epoxy-carotenoid-dioxygenases that cleave 9-cis-violaxanthin
and 90-cis-neoxanthin to yield xanthoxin the precursor of ABA,
and carotenoid cleavage dioxygenases (CCDs), a general term ap-
plied for all other members of this plant enzyme family [15–17].
Plant CCDs are divided into 4 groups, CCD1, CCD4, CCD7 and
CCD8, differing in their substrate speciﬁcities and cleavage sites
[15–17]. CCD1 enzymes are characterized by wide substrate and
cleavage-site speciﬁcity [15,16,25], cleaving cyclic and acyclic
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carotenal [26,27], b-apo-100-carotenal and apolycopenals [28]. This
activity leads to various volatiles like b-ionone, 6-methyl-5 hep-
ten-2-one (MHO; C8) [27] and geranial [28], and indicates a func-
tion in scavenging destructed carotenoids [29]. CCD4 enzymes
from different plants produce b-ionone by cleaving b-carotene or
b-apo-80-carotenal at the C9–C10 double bond [30,31], and studies
on the Arabidopsis CCD4 suggested its role as a negative regulator
of the b-carotene level in seeds [32,33]. Similarly, decreasing the
activity of CCD enzymes lead to an enhancement in carotenoid
content of chrysanthemum ﬂowers [34], potato tubers [35] and
peach fruits [36]. However, it was recently reported that CCD4
enzymes contributes to the deep color of Citrus fruit peels by
cleaving the 70,80 double bond in b-carotene, b-cryptoxanthin
and zeaxanthin, leading to the pigments b-apo-80-carotenal and
3-OH-b-apo-80-carotenal (b-citraurin) [37,38].
CCD7 and CCD8 are involved in SLs biosynthesis [7,8].
Expression of CCD7 from Arabidopsis and tomato in carotenoid
accumulating Escherichia coli strains suggested the cleavage at
the 9,10 or 90,100 site, leading to C13 volatiles, e.g. b-ionone, and
C27 apocarotenals such as b-apo-100-carotenal [39,40], which is
converted upon co-expression of the Arabidopsis CCD8 into
b-apo-13-carotenone [40]. Considering that the E. coli strains used
mainly accumulate all-trans-conﬁgured carotenoids, these results
indicated that SLs are synthesized via the intermediate b-apo-13-
carotenone produced by CCD7 and CCD8 from all-trans-b-carotene.
However, a recent in vitro study suggested a new path to SLs via
carlactone [24], a SLs-like compound that has been very recently
also identiﬁed in planta [41]. This pathway starts with the D27-cat-
alyzed isomerization of all-trans- into 9-cis-b-carotene that is
cleaved by CCD7 to yield b-ionone and 9-cis-b-apo-100-carotenal
used by CCD8 to form carlactone, supposedly by catalyzing a
combination of different reactions [24]. The 9-cis identity of the
apocarotenal produced by CCD7 was determined by HPLC-compar-
ison with a synthetic all-trans-b-apocarotenal and to a supposedly
9-cis-conﬁgured b-apo-100-carotenal produced by a CCD1 from
9-cis-b-carotene [42].
The stereo-conﬁguration of the b-apo-100-carotenal produced
by CCD7 determines the nature of the CCD8 product and is crucial
for identifying and understanding the reactions leading to
carlactone [24,43]. In addition, the cleavage of 9-cis-conﬁgured
carotenoids other than 9-cis-b-carotene by CCD7 may lead to the
formation of novel carlactone species, like 3-OH-carlactone,
and, hence, to novel types of strigolactones. In this study, we
unequivocally determined the conﬁguration of the b-apo-100-car-
otenal produced by the Arabidopsis CCD7, using NMR, and
investigated the substrate speciﬁcity of the Arabidopsis and pea
CCD7.
2. Materials and methods
2.1. Photometrical measurements
Substrates were quantiﬁed spectrophotometrically at their
individual kmax according to the extinction coefﬁcients calculated
from E1% as given by [44]. Protein contents were determined using
a Biorad Bradford protein assay (BIO-RAD).
2.2. Isomerization and preparation of carotenoids
9-cis-b-carotene was purchased from Carotenature.
Cryptoxanthin and zeaxanthin were kindly provided by the BASF
(Ludwigshafen). Lutein and violaxanthin were isolated from spin-
ach. For isomerization, carotenoids were dissolved in n-hexan or
CH2Cl2, and a catalytic quantity of iodine solved in n-hexan wasadded. The Solution was exposed to a table lamp for 30 min. Lipo-
philic pigments were partitioned using water, petroleum ether/
diethyl ether (1:4) and acetone, washed several times with water
and dried. Isomers obtained were separated and collected by HPLC.
2.3. HPLC
For preparative isolation, we used a Waters separation system
2695 equipped with a photodiode array detector (model 2996)
and a YMC-Pack C30-reversed phase column (250  10 mm i.d.,
5 lm; YMC Europe, Schermbeck, Germany). The collected fractions
were dried and resolved in CH2Cl2. Lutein, zeaxanthin and crypto-
xanthin isomers were separated with the solvents B: MeOH/H2O/
TBME (60:12:12, v/v/v) and A: MeOH/TBME (50:50, v/v). The col-
umn was developed isocratically with 50% A at a ﬂow-rate of
2.4 ml/min for 5 min, followed by a linear gradient to 80% A within
20 min, then to 100% A within 2 min. The ﬁnal conditions were
kept at a ﬂow rate of 3 ml/min for 5.5 min. Violaxanthin isomers
were separated with the solvents B: MeOH/H2O/TBME (30:10:1,
v/v/v) and A: MeOH/TBME (50:50, v/v). The column was developed
isocratically with 65% A at a ﬂow-rate of 2.4 ml/min for 8 min, fol-
lowed by a linear gradient to 75% A within 8 min. The ﬁnal condi-
tions were kept for 6 min.
In vitro assays were analyzed using a YMC-Pack C30-reversed
phase column (150  4.6 mm i.d., 5 lm; YMC Europe, Schermbeck,
Germany) and the solvent B: MeOH/H2O/TBME (5:1:1, v/v/v) and
A: MeOH/TBME (1:1, v/v). The column was developed at a ﬂow-
rate of 0.75 ml/min with a gradient from 100% B to 100% A within
20 min, maintaining these ﬁnal conditions for 4 min.
2.4. In vitro assays
BL21(DE3) E. coli cells that contain the plasmid pGro7 were
transformed with pThio-AtCCD7 and pThio-PsCCD7 expressing
the thioredoxin-fusion of each enzyme [24]. Control cells were
transformed with the void plasmid pBAD/THIO-TOPOTA
(Invitrogen). Crude lysates were obtained and prepared as
described previously [43]. Standard in vitro assays were performed
in a total volume of 200 ll containing the substrate at a 160 lM
concentration and 50 ll of crude lysate of expressing E. coli cells.
Crude lysates and assays were prepared and conducted according
to [43]. The plasmid pThio-DAN2-AtNCED2 was used as a positive
control in the 9-cis-violaxanthin assay (Supplementary Fig. 2)
prepared like other assays. It was constructed by amplifying the
AtNCED2 [45] cDNA from Arabidopsis total cDNA, using the Phusion
High-Fidelity DNA Polymerase (Finnzymes) and the primers:
AtNCED2for: 50atggtttctcttcttacaatgccgatgag30 and AtNCED2rev: 50
ttataattgatcaacgagttcattcgaatcc 30. The obtained fragment was
ligated into pCR2.1 (Invitrogen) and subsequently inserted into
pThio-DAN2, a derivative of pBAD/Thio-TOPO (Invitrogen).
2.5. Michaelis–Menten kinetics
2.5.1. In vitro assays for Michaelis–Menten
Kinetic measurements were performed in vitro like standard
assays, however, with substrate concentrations ranging from 5 to
140 lM and 3.75 lg/ll total protein concentration. Assays were
incubated for 5 min at 28 C under shaking. Three technical repli-
cates of each substrate concentration were performed. Assays were
extracted according to [43], and extracts were dissolved in 40 ll
CHCl3 and analyzed by HPLC, using tocopherole acetate as internal
standard. Total amounts of products were calculated based on
calibration with synthetic all-trans-b-apo-100-carotenal. Curve
ﬁtting was done, using the Michaelis–Menten equation, with the
GraphPad Prism 6 software (GraphPad Software, La Jolla, USA).
Fig. 1. HPLC analysis of AtCCD7 and PsCCD7 substrate speciﬁcity. Incubations with
9-cis-b-carotene (A) led to the 9-cis-b-apo-100-carotenal (P1). Both enzymes
converted also 9-cis-zeaxanthin into 9-cis-3-OH-b-apo-100-carotenal (P2). Incuba-
tion of the two lutein isomers (9- and 90-cis-lutein) unraveled the cleavage of the
former into 9-cis-3-OH-e-apo-100-carotenal (P3), while the second substrate (peak
⁄) remained unconverted. UV–Vis-spectra of the products are depicted in the insets.
Above structures of the substrates tested showing the cleavage site at the 90–100
double bond.
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carotenal
The assay was performed in a total volume of 100 ml. 8.28 ml of
1.45 mM CH2Cl2 solution of 9-cis-b-carotene was mixed with 10 ml
of 0.8%, v/v ethanolic Triton X-100 (Sigma, Deisenhofen) solution,
Sigma, Deisenhofen, Germany), dried and re-suspended in 25 ml
H2O. The micelles were mixed with 50 ml 2  incubation buffer
[43], and 25 ml of crude lysate was then added. After incubation
for 6 h at 28 C, lipophilic compounds were extracted according
to [43], dried and dissolved in CH2Cl2. The extract was then sepa-
rated by thin-layer silica reverse phase plates (RP-18; Merk,
Darmstadt) developed in methanol/water (100:1, v/v), and 9-cis-
b-apo-100-carotenal was scraped off in dim daylight and eluted
with CH2Cl2. For puriﬁcation, we used two different HPLC systems.
The ﬁrst consisted of a YMC-Pack C30-reversed phase column
(250  10 mm i.d., 5 lm; YMC Europe, Schermbeck, Germany)
with the solvent B: MeOH/H2O/TBME (60:12:12, v/v/v) and A:
MeOH/TBME (50:50, v/v). The column was developed isocratically
with 40% A at a ﬂow-rate of 2.1 ml/min for 24 min, followed by
switching to 100% A within 1 min and enhancing the ﬂow-rate to
3 ml/min within 3 min. The second puriﬁcation step was per-
formed using a MN Nucleosil 100 C18-reversed phase column
(250  4 mm i.d., 10 lm; Machery-Nagel, Düren, Germany). The
column was developed isocratically with MeOH/H2O (4:1, v/v) at
a ﬂow rate of 1 ml/min.
2.7. NMR measurement
For NMR analyses, a sample of ca. 700 lg b-apo-100-carotenal
was dissolved in 500 ll CD2Cl2. The NMR experiments were per-
formed on a Bruker AVANCE II spectrometer operating at a 1H res-
onance frequency of 400.13 MHz and equipped with a 5 mm ATM
BBFO SmartProbe with a z-gradient coil and with pulse angles of
10 ls (1H) and 10 ls (13C), respectively. Bruker TOPSPIN software
(version 3.0, patch level 3) was used to acquire and process the
NMR data. The measurements were carried out at room tempera-
ture (298 K). For the 1D 1H experiment, a standard one-pulse
experiment (zg) was used with 32 transients, a spectral width of
12 ppm, a data size of 32 K points, a relaxation delay of 5 s, and
an acquisition time of 3.41 s Unambiguous signal assignment of
the 1H resonances was performed based on 2D 1H–1H-COSY,
1H–13C-HSQC, and 1H–13C-HMBC experiments. For 2D 1H–1H-
NOESY (Supplementary Fig. 12), the gradient-enhanced phase-sen-
sitive NOESY experiment (noesygpphpp) was applied with a mix-
ing time of 200 ms. 32 transients, a relaxation delay of 1 s, an
acquisition time of 0.22 s, a spectral width of 11.5 ppm in both
dimensions (f2, f1), 2048 and 256 acquired data points in f2 and
f1 respectively were used. Data were processed by zero ﬁlling (to
1024) in f1 and by using shifted squared sine window functions
in both dimensions prior to 2D Fourier transformation. For 2D
1H–1H-COSY the gradient-enhanced COSY experiment for magni-
tude mode of detection (cosygpqf), 32 scans, a relaxation delay of
1 s, an acquisition time of 0.43 s, a spectral width in both dimen-
sions (f2, f1) of 12 ppm, 4096 and 256 acquired data points in f2
and f1 respectively were used. Data were processed by zero ﬁlling
(to 1024) in f1 and by using unshifted squared sine window func-
tions in both dimensions prior to 2D Fourier transformation. For 2D
1H–13C-HSQC, the gradient-enhanced HSQC experiment with car-
bon multiplicity editing and echo–antiecho acquisition mode
(hsqcedetgpsisp2.2), 32 transients, a relaxation time of 1.5 s, an
acquisition time of 0.21 s, spectral widths of 12 ppm and
190 ppm (in f2 and f1), with 2048 and 256 acquired data points
respectively, were used. Data were processed by zero-ﬁlling (to
1024) and linear prediction in f1, and by using shifted squared sine
window functions in both dimensions prior to Fourier transforma-tion. For 2D 1H–13C-HMBC, the gradient-enhanced HMBC experi-
ment with twofold low-pass J-ﬁlter to suppress one-bond
correlations and echo-antiecho acquisition mode (hmbcetgpl3nd),
64 transients, a relaxation time of 1 s, an acquisition time of
0.21 s, spectral widths (in f2 and f1) of 12 ppm and 240 ppm with
2048 and 256 acquired data points respectively, were used. Data
were processed by zero-ﬁlling (to 1024) and linear prediction in
f1, and by using shifted sine window functions in both dimensions
prior to Fourier transformation.
3. Results and discussion
To investigate the substrate speciﬁcity of AtCCD7 and PsCCD7,
we expressed both enzymes as thioredoxin-fusion in BL21(DE3)
E. coli cells, transformed with the plasmid pGro7 that encodes
the groES-groEL-chaperone system, and performed in vitro
assays with crude lysates according to [43]. Incubation with
9-cis-b-carotene led, as previously reported [24], to the supposed
9-cis-b-apo-100-carotenal (Fig. 1, P1), besides b-ionone. Similarly,
both enzymes cleaved the 90,100 double bond in 9-cis-zeaxanthin,
leading to 9-cis-3-OH-b-apo-100-carotenal (Fig. 1, P2) and
3-OH-b-ionone whose identities were conﬁrmed by LC-MS
(Supplementary Fig. 1). Due to the presence of two different
ionone rings, lutein can occur as 9-cis- (the cis double bond is on




















































Fig. 2. Kinetics of AtCCD7 and PsCCD7. AtCCD7 and PsCCD7 were incubated with 9-cis-b-carotene (A, C) and 9-cis-zeaxanthin (B, D), respectively. Curves were ﬁtted using the
Michaelis–Menten equation (goodness of ﬁt was determined as follows: R2 = 0.97 for A, 0.97 for B, 0.96 for C, and 0.91 for D). Curves represent the average of three technical
replicates (±S.E.).
Table 1
Vmax and Km of AtCCD7 and PsCCD8. Values are deduced from Michaelis–Menten plots.
AtCCD7 PsCCD7
9-cis-b-carotene 9-cis-zeaxanthin 9-cis-b-carotene 9-cis-zeaxanthin
Vmax (pmol/min) 2251 ± 283 4989 ± 1873 129.2 ± 17.4 181.5*
Km (lM) 41.1 ± 11.9 148.7 ± 81.7 59.6 ± 17.2 626.0*
* Values given are approximations. Due to the high Km value, experiments with higher substrate concentrations would be needed, which are beyond the scale of
feasibility.
Table 2
1H and 13C NMR data of b-apo-100-carotenal produced by AtCCD7. Experimental
resonance assignments (ppm) and relevant NOE cross peaks observed in the 2D-
NOESY experiment of b-apo-100-carotenal dissolved in CD2Cl2.
1H 13C 1H–1H-NOESY
1 – 34.1
2 1.53 (2H, m) 39.5
3 1.68 (2H, m) 19.1
4 2.09 (2H, t) 32.9
5 – 129.5
6 – 138.1
7 6.29 (1H, d) 129.0 H-19
8 6.74 (1H, d) 129.5 H-11, no NOE for H-10
9 – 135.8
10 6.12 (1H, d) 128.8 H-12 and H-19
no NOE for H-8
11 6.92 (1H, t) 125.5 H-8
12 6.36 (1H, d) 135.6 H-10, no NOE for H-11
13 –
14 6.33 (1H, d) 131.2
15 6.94 (1H, m) 135.0
16 1.08 (3H, s) 28.6
17 1.08 (3H, s) 28.6
18 1.79 (3H, s) 21.4
19 2.03 (3H, s) 20.3 H-7 and H-10
20 2.04 (3H, s) 12.6
100 9.6 (1H, d) 193.4
110 6.20 (1H, dd) 126.9
120 7.23 (1H, d) 156.3
130 – 133.6
140 6.68 (1H, d) 128.2
150 6.68 (1H, m) 140.8
200 2.00 (3H, s) 12.3
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zymes converted mainly the tentative 9-cis-lutein into an apoca-
rotenal (Fig. 1, P3) with a lightly shorter retention time and
lower absorption maximum than those of 9-cis-3-OH-b-apo-100-
carotenal. Both features together with the nature of the precursor
suggest that this product (P3) is 9-cis-3-OH-e-apo-100-carotenal.
In contrast, we did not observe signiﬁcant conversion of 90-cis-
lutein, indicating that the presence of a b-ionone ring on the all-
trans-conﬁgured moiety of the substrate is a prerequisite for the
cleavage. We also tested the conversion of 9-cis/90-cis-cryptoxathin
and 9-cis-violaxanthin. Both enzymes did not show any detectable
conversion of 9-cis-violaxanthin (Supplementary Fig. 2A), indicat-
ing that CCD7 activity does not interfere with ABA biosynthesis
that utilizes 9-cis-violaxanthin/90-cis-neoxanthin as precursor,
while 9-cis- and 90-cis-cryptoxanthin were converted. The latter
result is consistent with the activity with 9-cis-b-carotene and -
zeaxanthin, to 9-cis-b-apo-100- or 9-cis-3-OH-b-apo-100-carotenal,
respectively (Supplementary Fig. 2B). Supporting the previously
reported stereo-speciﬁcity observed with b-carotene-isomers, both
enzymes did not show detectable conversion of all-trans-lutein,
-zeaxanthin or cryptoxanthin (data not shown).
To address the question on the substrate preference, we deter-
mined the Km and Vmax values of both enzymes for the substrates
9-cis-b-carotene and -zeaxanthin (Fig. 2). As shown in Table 1,
the two enzymes displayed large differences in their kinetic
parameters. AtCCD7 showed much higher Vmax values and also
higher afﬁnity towards both substrates, compared with PsCCD7.
Both enzymes have higher afﬁnity to 9-cis-b-carotene than to -zea-
xanthin, but convert the latter with higher rates.
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Fig. 3. Nuclear Overhauser effect spectroscopy plot. The structure of the apocarotenoid fragment shows the spatial proximity between the relevant H-protons of the 9-cis-
structure. The stereochemistry was conﬁrmed by the observed NOEs reported in Table 2 and shown on the right for an expansion of the 2D-NOESY spectrum revealing NOEs
between methyl and oleﬁnic proton signals.
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crucial for the investigation and mechanistic interpretation of
the complex reactions sequence catalyzed by CCD8, yielding
carlactone. Therefore, we determined the structure of the AtCCD7
product, using one- (1D, s. Supplementary Figs. 3–6) and two-
dimensional (2D) NMR techniques. The 1H and 13C resonance
assignments, which were based on the 2D HSQC, COSY and HMBC
data (Supplementary Figs. 7–11), are summarized in Table 2. The
2D NOESY experiment allows detecting spatial proximity among
protons and was thus most important for proving the 9-cis-
conﬁguration of the apocarotenal (see Fig. 3 and Supplementary
Fig. 12). The most relevant observed NOEs are given in Table 2
and displayed for an expansion of the 2D-NOESY spectrum in
Fig. 3. As is indicated by arrows in the apocarotenoid structure
fragment (Fig. 3), the NOEs clearly supported the 9-cis-structure.
This was proved by the existence of NOEs between the protons
of the H-C19 methyl and the H-C10 oleﬁnic groups, as well as
between the H-C8 and H-C11 groups. Simultaneously, the absence
of NOEs between the protons of the H-C19 methyl and the H-C11
oleﬁnic groups on one hand, and the H-C8 and H-C10 groups on
the other hand exclude the 9-trans structure.
Taken together, the two CCD7 are stereospeciﬁc enzymes that
should be considered and designated nine-cis-carotenoid cleavage
dioxygenases (NCCDs) and can be distinguished from NCEDs
involved in ABA biosynthesis by the incapability of cleaving
9-cis-violaxanthin and by the different cleavage site. We are
currently investigating whether CCD8 converts the hydroxylated
apocarotenals produced from 9-cis-zeaxanthin and -lutein into
carlactones with a hydroxylated b- or e-ionone ring, which may
be precursors of new strigolactones.
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